Introduction
Thiamine (Vitamin B 1 ), or its pyrophosphate, has an important biochemical role as a cofactor in many enzymatic processes. 1 Its key structural feature is a quaternary thiazolium ion, which is crucial to its catalytic functions. This ring and other thiazolium ions undergo reversible ringopening in aqueous solution. 2 This pH-dependent equilibrium (Scheme 1) 3 favours the quaternary ion (Q + ) at low pH and the ring-opened enethiolate (ETh -) at high pH, with the pseudobase (T  o ) Spectroscopic studies, however, give no structural information about the rotamers, so that the question arises: do the structures of 1 and 2 given above accurately represent the enethiolate rotamers? In an attempt to address this question, a series of ring-opened enethiolate systems and their corresponding tetrahedral intermediates have been subjected to theoretical study: first, in order to obtain the geometries and relative energies of the enethiolate rotamers and second, in order to locate the tetrahedral intermediate into which they transform. The ring-opened enethiolates have additional significance because of their potential ability to be transported across cell membranes in the ring-opened form or as the disulfide.
4e A greater understanding of the properties of the enethiolates and their corresponding tetrahedral intermediates should help to shed light on this complicated mechanism.
Methods
The Gaussian suite of software (Gaussian 94 and 98) was employed throughout this study. 7, 8 Optimizations were carried out for the model systems represented in Figure 1 . Structures 1 and 2 interconvert via rotation about the amide N-CO bond. Similarly, 3 and 4 are related via rotation about the amide N-CO bond. Structures 1 and 4 interconvert via the ethylenic C-N rotation, as do structures 2 and 3. The interconversions between 1 and 4, and between 2 and 3, are shown in Figure 1 with connecting lines. The initial search for minima on the potential surface was carried out at the HF/6-31+G* level, diffuse functions being deemed necessary for correct treatment of the anion. 9 Neutral systems were examined at the HF/6-31G* level. The use of different basis sets for the anionic amidoenethiolates and the neutral tetrahedral intermediates is justified on the grounds that no interspecies energetic comparisons were made. Subsequently, optimizations were repeated at the B3LYP/6-31+G* level 10 (again, without diffuse functions for the neutral systems), starting with minima obtained at the Hartree-Fock level. Geometry optimizations were followed by a frequency analysis at the same level of theory as was used for the optimizations. The zero point energy (ZPE) was scaled by the empirical factor 0.96 for the correction to the reported energies, in accordance with Curtiss et al. 
Results and Discussion
Amidoenethiolates a: R 1 = R 2 = R 3 = H Although four stationary points could be obtained by carrying out optimizations of rotamers 1-4 restricted to planar symmetry, in fact 1a and 2a were each found to possess one imaginary frequency at the Hartree-Fock level; therefore, they were not considered to be true minima on the potential surface. The only true HF minima are 3a and 4a, shown in Figure 2 , with geometries and charges. In this figure, and in subsequent cases, note the short amide N-CO bond (1.346 Χ compared with 1.407 Χ for the ethylenic C-N bond in structure 3a). The corrected energy difference was found to be 6.40 kJ/mol (see Table 1 ). (For brevity, only B3LYP numbers are included in the tables, figures and discussion. The Hartree-Fock results were not sufficiently different to warrant inclusion).
In the N-methyl case, no planar minimum on the potential surface could be found at the HartreeFock level. The only true minima arise from a twist of the ethylenic C-N single bond ( Figure 3 ). Clearly, a clockwise or counterclockwise twist is possible. The corrected energy difference of 8.77 kJ/mol is reported in Table 1 . The energetically most favoured rotamer (1′b) looks essentially like what we refer to as Structure 1 of Scheme 2, but twisted about the ethylenic C-N bond by 131 o , as measured by the CCNC (carbonyl carbon) dihedral angle. The less favoured rotamer (2′b) looks more like our Structure 2, but twisted out of plane by 154 o . Why is 1′b the more favoured rotamer? As mentioned earlier, 1 and 2 are related by rotation about the amide N-CO bond. In the planar form of 2 represented in Figure 1 , the oxygen of the carbonyl and the sulfide are required to be in close proximity. As they both bear negative charges (see Figure 3 ), this is energetically unfavourable. The proximity of negative charges in the planar conformation also explains why 2 has a greater tendency than 1 to exhibit a large out-of-plane twist. Note that the nitrogen has not lost its sp 2 character in this loss of Cs symmetry: this is not surprising, considering the characteristics of the amide bond. The addition of a methyl group at the nitrogen has altered the atomic charge picture, leaving the charges on the nitrogen and on the sulfur less negative than they were for the least substituted rotamers shown in Figure 2 .
Once again, as was the case for N-methyl, no planar minimum could be found at the HartreeFock level. Now the most favoured rotamer (1′c) resembles structure 1, but twisted to such an extent so as to make the S-C-C and C-N-C planes virtually orthogonal (see Figure 4 ). The CCNC (carbonyl carbon) dihedral angle has decreased from 131 o to 97 0 . This leads to a rotamer virtually halfway between 1 and 4. The less favourable rotamer (2′c) is also twisted to a lesser extent than its N-methyl counterpart, when the same dihedral angle is considered; however, it all depends on the point of view. The N-methyl case known as 2′b can be thought of as structure 2, twisted out of plane by 154 o . A full twist of 180 o would take it all the way to structure 3. The trimethyl case 2′c is halfway between 2 and 3, which minimizes steric repulsions due to the bulky methyl groups. The corrected energy difference of 14.63 kJ/mol is the largest difference reported of all the model systems (Table 1) . Presumably the differences have become more pronounced due to the relative bulk of the methyl substituents. The magnitude of the energy difference is plausible. The NMR studies found slowly interconverting enethiolates in a ratio of about 3:1. 3 Our energy difference would suggest a higher ratio; however, solvent effects should reduce this difference considerably. The enethiolates were previously represented according to Scheme 2. Our rotamers, by contrast, are not planar. However, as predicted, the major rotamer is the one we call 1′; the rotamer related to structure 1 by a twist of the ethylene C-N single bond shown twisting in Figure 1 , and the minor rotamer is the one we call 2′, which can end up as structure 2 via the ethylene C-N single bond twist. A final note on atomic charges: the nitrogen in the fully substituted case 1′c is the least negative of the model systems, bearing a charge of +0.06. The sulfur of 1′c, while still negative, only bears a charge of -.43, which is less negative than in the less substituted counterparts.
The ring-opened enethiolate 1′c is lower in energy than 2′c. 1′c also appears to be poised for cyclization, based on its appearance in Figure 4 and on its relatively short S-C (carbonyl carbon) distance of 3.763 Χ, as compared with a corresponding distance of 4.039 Χin its 2′c counterpart. Assuming no significant conformational change between the thiolate and its protonated thiol, we can ascribe the faster process to the most favoured rotamer, and the slower process to its less favoured counterpart. Figures 5a and 5b , respectively. As the hydroxy carbon is tetrahedral, enantiomers are a possibility. Only one of the two possible enantiomers is represented in Figure 5 . There are three structural issues to be considered. First, the hydrogens on the nitrogen and on the hydroxy carbon C 2 can be cis or trans. Second, the OH can be axial or equatorial. Finally, the OH hydrogen can rotate. Exploring the potential surface, three minima were found. T o a (axial, trans) had the lowest energy (Table 2) .
T o a (axial, trans) is so named because "a" once again refers to the case R 1 = R 2 = R 3 = H. Axial describes the OH orientation and trans describes the relative orientation of the hydrogens on the nitrogen and on the hydroxy carbon. Other structures obtained were T o a (equatorial, cis) and T o a (axial, cis). T o a (equatorial, cis) can be obtained from T o a (axial, trans) simply by interchanging the H and the OH. However, it should be pointed out that, with a C-C-N-C dihedral angle of only 4 o , the designation "equatorial" in T o a (equatorial, cis) becomes rather insignificant. On both of the aforementioned, the OH hydrogen points toward the center of the ring. The least favoured structure is T 0 a (axial, cis). Numerous attempts were made to locate the (equatorial, trans) counterpart: however, in all cases, the structure reverted to (axial, trans). Frequency calculations verified that all three species were true minima on the potential surface (i.e.: no imaginary frequencies were found). Why is the T o a (axial, trans) structure the most stable? This is likely due to the anomeric effect, had the lowest energy, but only by 0.57 kJ/mol (Table 2) . Presumably the steric demands of the methyl group counteract to a large extent the stabilization due to the anomeric effect. A minimum for T o b (axial, cis) could not be found at the Hartree-Fock level.
c: R 1 = R 2 = R 3 = CH3
Optimized structures are shown in Figures 7a and 7b for the most highly substituted model systems. As in the less substituted tetrahedral intermediates, these were found to be minima on ISSN 1424-6376 Page 125 © ARKAT USA, Inc the potential surface: i.e., no imaginary frequencies were found. By now the energy difference between the two minima is negligible (Table 2) , the steric effect of the methyl groups all but canceling any anomeric effect. Note the hydrogen of the -OH group points in toward the ring for both structures. 
Conclusions
The two rotamers obtained via theoretical optimization can be related to the two rotational isomers of the ring-opened thiolate previously observed by NMR. Our results (Figures 2-4 ) support the notion that the two rotamers differ by rotation about the amide N-CO bond. We also note that rotamer 2′ exhibits a greater twist about the ethylenic C-N bond than does rotamer 1′ in all cases. All in all, 2′ must undergo significant rotational realignment before ring closure of the protonated form can occur. This is consistent with 2′ being responsible for the slower ring reclosure process. The full reaction profile for the closure of the ring-opened thiol to yield the tetrahedral intermediate could serve to identify which of the two possible tetrahedral intermediates is reached by each rotamer. A more detailed study of the potential energy surface remains as an interesting question for future consideration.
